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Effects of brain arilines selectively releasedafter MAO blockade 

i) Selective release of NE after MAO blockade 

ii) Release of both NE .and 5TH after MAO blockade 

iii) Selective release of 5TH after MAO blockade 

V. A speculative summary 

PHYSIOLOGICAL ROLE OF BRAIN MONOAMlNES 

USE OF DRUGS THAT BLOCK STORAGE IN 

STUDIES OF BRAIN MONOA~但NES

Because of the inaccessibility of specific pathways in the central nervous 

system， the function of brain amines cannot be ascertained by the same type 

of simple and convincing experiments that have shown therole of neurohormones 

in the peripheral nervous system. A conventional approach has been to deter-

凶 nethe physiological changes produced by intravenous injection of the :su bstance. 
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However， it is not easy to translate these e任ectsin terms of a normal role 

because the exogenous amine is spr伺 dthroughout the body and may elicit 

alterations in function quite di任:erentfrom those it would cause if released at 

its reactive sites. One has only to remember that many studies of injected 

histamine have not rev伺 ledits physiological role. : An additional difficulty arises 

from the poor penetration of monoamines into brain. The large doses needed 

to evoke a central action also produce peripheral effects. 

To circumvent the blood-brain ba汀ier，5HT is administered in the form of 

its pr田 ursor5HTP on the assumption that the central effects of the 5HT formed 

in brain reflect the normall action of endogenous 5HT. In studies with 5HTP 

the assumption is usually made that 5HT is formed only at sites where this 

amine is normally made and stored. However， 5HTP and DOP A are decarboxyl-

ated by the same enzyme (12，25)， and therefore 5HT will also be formed at 

catecholamine sites. As shown Iater， the effects of a high level of free 5HT 

eonfined to its normal sites of action are quite different from those produced by 

5HTP (64). 

When studies in our laboratory (65) first demonstrated that reserpine deplet-

es brain 5HT， we explored the possibility that a drug which blocks the storage 

of an amine might disclose the normal function of this amine. If a drug blocks 

the storage of only one. amine， changes in physiological， psychological， biochem-

ical and EEG behavior might suggest which neuronal pathway is modulated 

by the substance. When more than one amine is a任ectedit is necessary to 

find a more selective agent. Reserpine is particularly useful in studying brain 

amines since it blocks their storage (66) but not. their formation (67). Another 

.advantage of reserpine is its nonreversible action. Thus， interpretations are 

not clouded by eff田tswhich result from reversible combinations of drug mole-

ωles with cell constituents. 

Kinetics of formation， relea田 anddisappearance of brain amines after 

blockade of s句rage

Since all compounds that block the storage of brain 5HT also produce a 

eharacteristic reserpine-like syndrome， it is tempting to attribute the pharma-

cological e任ectsto this action (65，67，68，69). In attempts to associate (or disso-

date) reserpine action with amine changes， it is often assumed that blockade 

of storage will produce the same physiological e任ectsas blockade of synthesis. 

Accordingly adepletion of amine stores is usually equated with a deficiency of 

fr田知血esat r伺 ctivesites (70). The amines are. formed continuously aild 

newly-formed molecules are either stored， or inactivated by MAO. Levels of 

amines at active sites depend mainly on rel伺 sefromstorage w hich is under 
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nervous cntrol. Although reserpine impairs processes that store amines， syn-

thesis continues unabated， and without a mechanism for storage newly-formed 
inolecules :flow unobstructed onto reactive sites. The effect of reserpine will 

now depend on the resultant level of amines at these sites. This in turn is 

determined by the balance between rates of synthesis and disappearance. Con-

sideration should be given therefore to the kinetics of amine formation， metab-

olism， and diffusion after blockade of amine storage. 

If formation is slow compared to disappearance， the equi1ibrium level will 

be too low to produce a persistent response. Presumably this happens at periph-

eral sympathetic sites where free NE is formed too slowly to maintain sympathetic 

tone. Contrastingly， if formation is rapid relative to disappearance， then the 

level at equilibrium will be su伍cientto produce apersistent response. 1n this 

regard， the enormous activity of the amines in the free form must be appreci-

ated. For example， the uterus of rats which have been given 5HTP shows nô 

contractile activity in Locke's solution， even though the muscle contains 3.8ヴJg

of 5HT. If O.Ol'YJml is now added， a strong contraction results (64). Thus in 

the free state the amine is active with only about one part in several hundred. 

A vailable assay methods do not yield a conclusive answer of whether reserpine 

produces a deficiency of NE at reactive sites in the brain. However， assay of 

heart NE after reserpine administration indicates that the level is virtually zero， 

while small amounts of NE are detectable in brain (71). Moreover， NE must 

be present in amounts. sufficient to maintain central adrenergic output as evi 

denced from the electrical recording or preganglionic impulses which shows a 

gr伺 terthan normal sympathetic output (72，73). 

The possibility that uncontrolled release results in a sustain.ed level of 5HT 

at reactive sites must now be seriously considered in view of the recent articles 

of Bulbring and Crema on reserpine action in the guinea pig gut (74，75). These 

authors have shown that on treatment with enough reserpine to deplete 5HT 

stores， there is an increased peristaltic activity due to the uncontrolled pelease 

of 5HT onto sensory receptors which regulate eontractibi1ity of the gut. The 

balance between formation and inactivation of 5HT is such that active sites are 

continuously occupied by the amine. 

Two factors favor the view that r 
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When this laboratory showed that reserpine inhibits 5HT storage and pro-

duces sedation for the same length of time， it was proposed that the two events 

were causally related (65，66). This view seemed plausible as many effects of 

reserpine， including tranquilization， decreased motor activity to external stimuli， 

and incr伺 sedparasympathetic outflow， are elicited by electrical stimulation of 

訂伺sin the limbic system (76) and diencephalon (77)， where 5HT is h伺.vily

concentrated. Reserpine was postulated to stimulate a neuronal network modu輔

lated by 5HT which ties in central parasympathetic activities with patterns of 

behavior for conservation and protection of organisms (1). 

When other workers announced that reserpine also blocked NE storage 

processes (78，79)， this seed of a theory for the role of 5HT， based on reserpine 

action， seemed tohave falIen on unfertile soil. In its place sprouted the view 

that the central effects of reserpine are伺 usedby deficiency of catecholamines 

at r伺 ctivesites. The change in 5HT seemed no longer necessary to explain 

reserpine action. Carlsson et al. (80) fertilize::l this view by demonstrating 

that dopamine (from DOP A administration) counteracts the tranquilizing action 

ofreserpine and suggested that the high brain level of dopamine could substitute 

for the loss of NE. The same argument has been used by Everett and Toman 

(81) to ex'plain the reversal of reserpine action by desoxyephedrine. The con-

cept that reserpine causes NE deficiency in brain is based on the assumptiori. 

that the kinetics of amine formation and disapp伺 ranceare the same in brain 

as in peripheral neurons; and that dopamine and desoxyephedrine overcome the 

action of reserpine rather than counteracting its effects through physiological 

antagonism. 

Support for Carlsson's view was soon forth∞ming. On the basis of mono-
amine bioassays with a wide range of exp町imentalvariability， Karki and Passo-

nen (82) concluded that raunescine causes sedation in四tsat doses that sel配ti.

vely rel回 sebrain NE. By using precise fluorometric methods， our laboratory 

found that sedative doses of raunescine伺 usesan明uallowering of the levels 

of both amines (69). Pletscher et al.ぐ58)also proposed that the sedative action 

oQf reserpineis associated with loss of NE. The basis for this proposal was data 

~showing that a potent benzoquinolizine (Ro.4・1284)releases more brain NE than 

a w回kcongener Ro 4-1398， though 
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be an accidental aberration in nature's orderly arrangements. In contrast the 

importance of central adrenergic mechanisms in the control of alertness and 

motor activity was well established (2，4). Moreover， chlorpromazine was con-

sidered to cause a functional deficiency of brain NE by antagonizing central 

adrenergic mechanisms (83) and at first glance evokes a syndrome of effects. 

like that elicited by reserpine. However， the similarity is deceiving; a less 

superficial comparison soon showed that it is not伺 syto find two compounds. 

less alike in their central actions. Pharmacological evidence that reserpine 

action in brain 1S not caused by catecholamines deficiency. 

If reserpine acts through a deficiency of brain NE， then it should a任ect

central adrenergic mechanisms. For example， a substance like chlo:rPromazine 

that dampens central adrenergic activity also decreases central sympathetic 

output. At one time both drugs were thought to depress central sympathetic 

activity， but Bogdanski et al.， in our laboratory demonstrated that the two drugs 

exert entirely di任erentactions on central autonomic activity (84). These con-

clusions are based on the demonstration that the effects of reserpine and 

tetrabenazine on pupi1lary size， salivation and lacrimation are due to an increased 

central parasympathetic activity， while the autonomic effects of chlorpromazine 

are due largely to decreased sympathetic output. Similarconclusions have been 

expressed by Vogt (85). 

The reserpine-induced decrease in sympathetic tone is a peripheral action 

owing to depletion of NE from peripheral sympathetic neurons (65，78). In cont-

rast， tetrabenazine does not empty the NE stores from peripheral nerves and 

does not lower sympathetic tone. 

Clear-cut evidence that reserpine does not lower sympathetic activity has 

been provided by studies which show that reserpine does not lower the fre-

quency of nerve impulses along preganglionic sympathetic fibers (70，71). In 

fact， the frequency of nerve impulses seems to be increased(71). As additional 

evidence that reserpine can increase sympathetic outfl.ow in rabbit (33) and cat 

(86) is the centrally mediated stimulation of the adrenal medulla induced by 

the alkaloid. These results place the primary site of altered sympathetic 

activity squarely on the peripheral sympathetic system. 

The altogether different electrophysiological effects produced by reserpi 
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reticular formation (88，89). Perhaps the most significant di任erencein the electro-

physiological e妊:ectsof the two drugs is the highly specific action of reserpine 

in lowering the threshold of excitability of the amygdala to el田tricalstimulation 

(90，91). This activation of the limbic system may be an important clue to the 

mechanism by which reserpine reduces the intensity of emotional behavior. 

Perhaps the most decisive di妊erencebetween the effects of reserpine and 

.chlorpromazine on central adrenergic mechanisms is disclosed by their effects on 

temperature regulation. Rats pretr伺 tedwith chlorpromazine cannot regulate 

their temperature in the cold and after 2 hours at 20C， body temperature rapidly 

<leclines to about 160 C. Chlorpromazine ap伊arsto inhibit central adrenergic 

-systems which control mechanisms that conserve and generate heat. In contrast， 

if rats are given reserpine in doses that completely deplete body NE stores (but 

not those in the adrenal medulla) and then placed in the cold， the temperature 

declines only a few degrees over a period of several hours (92). 

Physicochemical evidence that re鴎 rpineaction in brain is not caused by a 

catecholamine deficiency 

Since reserpine， unlike chlorpromazine， does not lower sympathetic output it 

must be assumed that despite loss of NE stores， the free amine is still present 

at reactive sites. Can this view be supported on kinetic grounds? First we must 

remind ourselves that a large number of studies show that reserpine produces 

Table 2 

Pharmacological E能ctsand Brain Amine Levels after Various 

Doses of Reserpine in Rabbits 

Reserpine 
mg/kg 
l.v. 

0.25 

0.50 

1.00 

1.50 

1% of ~~ntrols I山 ω叫叫 E伽 ts¥% of町 lNE%of controls十%of controls 

60 68 I Mio喝is，enhanced light ref!ex 
42 53 I Above effects+diarrhea， 

30 25 

18 12 

lack of exploratory activity 
blepharospasm， decreased 
response to auditory 
stimuli， decreased resist-
anc泡 tohandling 

Above effects+adynamia 

Above e任民ts+lossof 
fighting ref!ex 

pronounced sedation in doses that lower brain NE by only about 55%. Table 

'2 lists central effects and brain amine levels four hours after administration of 

various doses of reserpine to rabbits. The results show that profound central 

e任ectsare induced by doses much smaller than those needed to completely 
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deplete NE stores. Simi1ar1y in mice， as discussed later， a distinct central 

:action is obtained with doses that lower amines by only 55%. This point cannot 

，be stressed too strongly since the hypothesis of NE deficiency implies， as stated 

by Car1sson (70)， that each of the catecholamines may explain the central action 

'of reserpine. On functional grounds it is difficult to conceive of a NE deficiency 

if 50% of stored amines are stil1 avai1able. For example， lowering of NE stores 

in peripheral nerve endings to 20% of normal does not decrease sympathetic 

tone nor the response to nerve stimulation (93). 

On relating brain amine levels to sedation it becomes obvious that reserpine 

:action is not caused by a deficiency of NE (Fig.2). If sedation were due only 

010 a decr，伺sein brain NE， then sedation should persist unti1 the brain level of 

NE returns to 50% of norma1. This is not the case. Four hours after a large 

，dose of rese叩ine(2 mg/kg i.v.) rabbits are heavi1y sedated and brain stores of 

Fig. 2. In ordinates: at left concentrations of reserpine (yfg); at right yfg of 5HT 
and NE in rabbit brain at various times after reserpine (5 mgfkg i.v.). 
Reserpine brol，l:en line and solid circ1es， monoamines solid line and open circ1e. 

10 0.5 

O 

0.25 

234"36841081321560 
HOURS AFTER RESERPINE 

both NE and 5HT have dec1ined to less than 10% of normal (Fig. 2). In 35 hours 

when the amine levels are sti11 only 20% of normal， the animals are no longer 

sedated. These resu1ts indicate that the central actions of reserpine are not 

caused by a deficiency of NE or for that matter of 5HT either. 

Since the action of reserpine is not related to the loss of stored 5HT or 

，catecholamines， is the action related to the amines in some other way? As 

discussed previously， since reserpine interferes with storage and not with the 

formation of monoamines， the dec1ine in brain levels is proportional to the 

inhibition of storage and consequently a measure of the uncontrolled release of 

newly-formed amines. 

The greater the uncontrol1ed release， the better the chance that su伍cientfree 

amines wil1 reach the reactive sites. On this basis， only when storage of 5HT is 
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blocked by 50% is there enough uncontrolled release of the amine to stimulate' 

the reactive sites. 

Returning to Fig. 2， why do animals recover in 36 hours when the 5HT 

level in brain is still only 20% of normal? The clue to this question is， 

provided by the changing shape of the curve which suggests that storage 

processes are recovering， and now can take up enough of the newly-formed 

amine to lower the amount of free 5HT at active sites. Two pieces of evidence 

favor this interpretation. First， treatment with reserpine once again depletes. 

brain 5HT and elicits profound sedation; second， preliminary experiments show 

that storage sites are now able to take up exogenous amine. But irre-

spective of the actual mechanism of reserpine-induced sedation， it is difficult to-

explain it on the basis of catecholamine deficiency. 

861田 tivebl田:kadeof cateeholamine storage 

Unti1 the question is settled whether or not reserpine action is mediated 

through deficiency of NE， it is difficult to carry out consttuctive investigations 

on the role of 5HT in brain. Because of the importance of resolving this matter， 

we have now taken a new approach. A priori one event can be proposed as the 

cause of another only if there is a c1ear-cut correlation between the two events. 

Hence， we have tried to establish whether the action of reserpine is correlated 

to the change in NE or to the change in 5HT. For these studies we now have 

drugs that differentially block one of the storage pr，∞esses. 
When we learned that the compound α.-methyl-m-tyrosine (27，28，29) (here-

after referred to as MMT) releases brain NE without affecting 5HT it seemed to 

us that studies with this substance might finally decide the question of whether 

depletion of NE stores causes sedation. The c10sely related analogue，α-methyl 

DOP A (26)， also releases NE but the action of MMT is more specific since 

the Iarge doses ofα-methyl DOP A needed to deplete NE stores in rabbits 

and mice， also deplete considerable amounts of 5HT and elicit sedation (94). 

To appr田 iatethe physiological implications of the studies with MMT it 

should be borne in mind that the dopamine and NE content in brain are about 

equal， dopamine is localized almost completely in the corpus striatum (13，95).. 

Only traces are present in brain stem where it probably functions only as a 

transient precursor of NE (95). Consequently， those behavioral effects caused 

by action of reserpine on brain stem or limbic system are unlikely to be asso-

ciated with changes in dopamine. 

The effects of MMT were determined in the brain stem of rabbits and the 

whole brain of mice. In the rabbit MMT (100 mgfkg) exerts striking action. 

With only a smal1 transient dec1ine in the 5HT level it produces a depletion of 
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6伺 techolaminestores which is still complete after 7 days. Despite the loss of 

6伺 techolaminestores， the animals show none of the central effects associated 

with reserpine. Table 3 illustrates the high selectivity of MMT in releasing NE 

in rabbits. Doses as low as 10 mgfkg release brain NE stores almost completely 

without appreciably a任ectingthose of 5HT. A dose of MMT 40 times this 

threshold dose lowers brain 5HT by only 35%. Even at the larger doses the 

:animals display no overt sedation. 

Table 3 
NE and 5HT Stor官sof Rabbit Brain Stem 13 Hours after 

Various Doses of MMT 

Loss of 5HT Loss of NE 

none 

none 

国

%

%

品
川

5

5

E

ワ白

qa

75% 

complete* 

complete 

complete 

complete 

MMT 

mg/kg i.v. 

10 

25 

50 

100 

400 

The fiuorescent reading is about 10% of control values， but it is 
known that much of this is due to tissue blank. 

1n mice the action of MMT is considerably less prolonged than in rabbits. 

Administration of the compound (160 mgfkg i.v.) causes only a transient decline 

in brain 5HT level but depletes brain NE stores almost completely for 24 hours. 

Within 36 hours however， the levels have risen perceptibly. Dopamine stores 
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of values in 4 experiments. Each point represents the mean of at least 
4 experiments. For assay of NE and 5HT content， brains of 6 animals 
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are also depleted but in 10 hours have returned to 50% of norma1. Despite' 

the decrease in brain catecholamine stores， the animals show no sedatioIL 

or other effects associated with reserpine. The effects of various doses of MMT 

are shown in Fig. 3. After doses of 40 mg/kg the catecholamines are depleted 

with little e任ecton 5HT， as little as 20 mg/kg almost ∞mpletely releases NE: 
and part of the dopamine. 

The decline in brain NE induced by MMT does not result from inhibitioIL 

of catecholamine synthesis but through inhibition of the storage processes (96少

97，98) the action of MMT e妊ectis not a direct one since it does not occur when 

its decarboxylation is prevented持; The blockade of storage is caused by the 

small amount of the decarboxylated product，α-methyl-m-tyramine formed in 

brain. About 30% of this compound is oxidized to the β-hydroxy derivativeT 

ー-.:;・・

OH 

F?H3 
H-c-?NH2 

H 

OH 

一--;0・・

H??H3 
H-C十NH2
H 

OH 

Both products exert relatively little sympathomimetic activity， bLt are extremely 

potent in blocking NE storage， the hydroxylated produc十: being 10 times moreo 

active than α-mロlethy計l

Blockade of NE s託torag酔βhasbeen demonstrated in studies which show that" 

the synthesis 0ぱfbra主宮a主出山II泊nc伺:ate白ch加olami旭工ne邸sis uni加I訂mp伊ai廿re吋d(⑩98島). In addition Hess et 

al. have shown that MMT impairs the uptake of exogenous NE by the h伺 rt

(98). One is c町 tainlytempted to conc1ude that任 MMTcompletely depletes. 

brain NE stores without producing sedation， then thβsedation induced by 

reserpine is not due to loss of NE storage. However， a staunch defender against 

this latter view might hold out with the hypothesis that sedation would have 

been observed had it not been masked by the action of MMT metabolites 

(α-MMTyramines). Dr. Car1sson has made the resourceful proposal that the 

α・MMTyraminesformed from MMT replace catecholamines in storage sites and 

then act like the neurohormones (99). As we interpret this view， the catechol-

amines are not rel伺 sedby direct inhibition of storage processes， but are displaced 

by ersatz molecular coun:terparts matched so perfectly that they assume the 
* The compound N・(3-hydroxybenzyl)-N-methyl-hydrazine，supplied by courtesy of Dr. 
E.M. Bavin of the Smith and Nephew Research， Ltd.， Ware Herts， England， was used 
to block MMT decarboxylation. In mice pretreated with the inhibitor threshold. 
do唱esof MMT おilto release heart cate氾holamines(97). 
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functions of NE and dopamine. This id伺 wou1dexp1ain why dep1etion of brain 

catecho1amines by MMT does not cause sedation (or excitation). 

There are evident difficu1ties in exp1aining. how the catecho1amines stores in 

rabbit brain stem are empty for more than 7 days after a sing1e dose of MMT， 

which forms on1y transient traces of α・MMTyramines. To satisfy the conditions 

of the rep1acement theory， the α・MMTyraminesmust meet the following re-

quirements: 1) Have an extraordinary affinity for storage sites exactly to replace 

the catecho1amines; 2) undergo physiologica1 re1ease by the same process that 

re1eases catecholamines ; 3) after physiological re1ease exert a bio1ogical activity， 

exactly that of catecholamines， despite the fact that the foreign amines peripher-. 

ally exert a biological activity which is extreme1y 10w re1ative to that of NE and 

4) in order to explain the dep1etion of NE in rabbit brain 1asting for 7 days， the-

foreign amines must exert activity without being utilized. In addition， the 2 

amines formed from α-methy1-DOP A wou1d a1so have to meet these exacting 

requirements. ReconciIing these requirements to the rigid demands of kinetics 

and thermodynamics might be an interesting exercise. Neverthe1ess， we have 

tested the validity of the hypothesis sole1y on quantitative grounds一一切retheα・

MMTyramines formed in brain su伍cientto ba1ance the 10ss of catecho1amines?' 

They are definite1y not! 

羽w匂ehave assayed tota1 α 
f白orm-t竹yr悶-a町加I宜mine伊特 (⑩99め). Both amines are stab1e in the procedure which accurate1y 

assays as little as 0.05 microgmjaminejgram of brain tissue. 

Table 4 c∞omp戸ar問'esthe depletion of brain c悶at旬echぬ叫ola口minestores and the c∞on-ν.酌 勾
c白er凶1泊tra叫tiωon0ぱftota1 α 

In 4 and 7 days， when brain stem catecholamine stores are still depleted， no α・

MMTyramines can be detected. These results show a perfect 1ack of correlation 

in catecho1amine leve1 and the content of α-MMTyramines. On1y during the 

first 2 days do theα・MMTyraminesaccount for an appreciab1e fraction of the 

missing catecholamines. The caudate nucleus， the region containing the bulk of 

the brain dopamine and the highest decarbo玄ylaseactivity， a剖ls叩oc∞on凶ta必in邸sthe 
1argest 1eve1 0ぱfα

i泊ne邸sis 1ess than the 10ss 0ぱfd白op伊amI!鴎l股此e . . 
Seven days after injection of MMT， the rabbits were given reserpine 

* The amines are extracted from brain homogenate (at pH 10) into butanol. Heptane 
is added and the total amines are returned to釦 1aqueous phase as described in the 
5HT method. The individual amines may be separated， if necessary， by shaking the 
butanol-heptane phase with bu任erpH 9.3 and pH 10. The amines are then coupled 
with 2，6-dichloroquinonechlorimide to yield colored substances which are extracteci 
into a small volume of butanol and assayed spectrophotometrically. 
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(2 mg/kg i.v.). The typical reserpine syndrome was evoked including sedation， 

blepharospasm， enhanced light reflex and increased parasympathetic output with-

()ut a concurrent change in brain stem levels of catecholamines (already depleted)， 

()r of α・・・MMTyramines(which had already disapp伺 red).

We have also carried out studies in mice， the species used by Dr. Carlsson 

in his studies of the action of MMT. Table 5 shows the levels of brain cate-

cholamines and total α・MMTyraminesin mice given MMT (160 mg/kg i.v.). 

In 4 hours when NE and dopamine stores in brain are both emptied， total α・

MMTyramines ac∞unt for a considerable fraction， about 60%， of the released 
catecholamines. However， time-response data shows that in 16 hours NE is still 

completely depleted and that dopamine is a little more than 50% of normal， but 

the total α-MMTyramines now amount to only 33% of the missing catecholamines; 

in 24 hours stores of NE are still depleted but total α・MMTyraminesnow 

Table 5 

Comparison betw巴e匂佃nTotal 由
oぱfCa抗te伐cholami泊ne白s凶nBrain of Mice given MMT (16印omgfkg i.v.) 

Amines calculated asμMfkg 

Hours after 
Loss of catecholamines MMTA 

MMT |肋pamine Total 
level 

NE 
(A) 

(B) 

μMfkg μMfkg μMfkg μMfkg 
4 2.4 2.8 5.2 3.2 

16 2.4 1.3 3.7 1.2 

24 2.4 0.8 3.2 0.7 

Each value represents the average of at least 4 experiments. 

B 
A 

.61 

.32 

.22 

Brain NE content of controls=2.6μMfkg; brain dopamine content 2.9μMfkg. 

Table 4 

Comparison between Total a:-MM Tyramines (MMT A) and Loss of Catecholamines 

in.Brain Stems of Rabbits given MMT (100 mgfkg， i.v.) 

Amines calculated asμmfkg 

Hours after A B 
MMT Loss of MMTA levels catecholamine 

μMfkg μMfkg 
48 3.5 1.7 
72 3.5 0.8 

92 3.5 0.08 
168 3.4 0.00 
192 2.7 0.00 

288 2.4 0.00 

Each value represents the average of at least 4 experiments. 
Brain stem catecholamines of controls=3. 9 p.Mfkg. 

B 

A 

.48 

.23 

.02 
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account for on1y 20% of the missing catecholamines. Thus， despite the short 

duration of effect on NE storage in mice， measurements at various periods of 

time show that tota1 α-MMTyramines account for an appreciab1e part of the 

missing catecho1amines for a short time and then disappear at a re1atively 

rapid rate. 

The argument cou1d be raised that the small amounts ofα-MMTyramines 

formed in brain might， by a direct action， exert a stimu1atory e妊ectexactly 

ba1ancing the hypothetical sedation produced by the 10ss of catecho1amines. 

According to this view， MMT like DuP A. shou1d counteract the effects of re-

serpine. In exploring this possibility we found that if reserpine is administered 

to MMT -pretreated mice， it r:roduces the same characteristic reserpine-like 
syndrome though the 1eve1s of α-MMTyramines are substantially the same in 

both groups of anima1s (Tab1e 6). It may be concluded therefore， that amines 

Table 6 

Effect of Reserpine Pretreatment 5 mg/kg i.v. on Total a-MM Tyramines (MMTA) 

in Brain of Mice given MMT (160 mg/kg i.v.) 

Hours after 
MMT 

Brain MMTA 

Pretreated with 

ヮ
“
『
υ
v
b
R
U

只
U

噌

l-

reserpme 
yJg 
.68 

.52 

.23 

.20 

.12 

Not pretreated 
with reserpine 
y/g 
.75 

.61 

.21 

.14 

The intensity of reserpine action is unaltered by MMT injection. 

Table 7 

Change in Brain Amine Levels produced by Reserpine in Mice pretreated MMT with 

MMT (160mg/kg i.v) was injected two hours before reserpine 

(1.5mg/kg i.v.): animals were killed one hour later. 

Drugs Amine levels 
y/g 

% of mice with 
reserpine syndrome 

5HT NE Dopamine MMTA 

None .63 .52 .47 。
出-MM .50 .10 .03 .51 。
出-MMT+ Reserpine .24 .10 .01 .42 78 
Reserpine .26 .17 .04 84 

Reserpine syndrome was evaluated on a quantal basis. The end points were 
(1) lack of huddling behavior， (2) lack of exploratory behavior， (3) blepharospasm， 
(4) hunched back posture， (5) reduction of responsiveness to acoustic stimulation. 
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formed from MMT do not produce significant central stimulation. These 

results also show that unimpaired NE storage sites are not needed to account for 

the presence ofα-MMTyramines in brain. 

Perhapsthe most conc1usive experiments are those showing that reserpine 

administered to MMT・tr伺 tedmice， can produce sedation with no change in 

levels of NE， d伽opat宜mineor α 

given tωO 立凶uc白et仕r伺 t絶ed2 hours 回 r凶lie町，rw叫it出hMMT t旬odeplete brain ca叫t配 h加01均am凶工n叫1註inee 

s坑to町re邸s. The mi回 displaythe same degree of sedation as animals given reser-

pine alonealthough reserpine does not alter the level of any of the atlUnes 

except 5HT (Table 7). 

QUANTITATIVE RELATlONSHIP BETWEEN CENTRAL ACTIONS 

OF RESERPINE AND BLOCKADE OF 5HT STORES 

Experiments with MMT provide additional clear-cut evidence that depletion 

of catecholatlUne stor白 d偲 :snot produce sedation or other signs of reserpine 

action. We must now look for some other reason for the sedation and other 

signs of central reserpine action. Blockade of 5HT storage has not b田nseriously 

considered as the cause of reserpine action because of the failure to find a 

normal role for the amine. This might be putting the cart before the horse 

for if the central action of reserpine were in fact associated with the change 

in brain 5HT then studies of reserpine action might disclose the role of this 

amine. Before accepting or rej配 tingthe f伺 sibilityof this view， let us s回

whether or not the two events一一blockadeof 5HT storage and the central action 
of reserpinl令一一showa correlation. 

A number of previous studies which need not be discussed in detail have 

described a qualitative relationship betw'田 nreserpine action and blockade of 5HT 

stores. For example， cold-exposure prevents reserpine from inducing seda司

tion and a decline in brain 5HT without a任ectingthe decline in brain NE 

(101，68，96). Again， SU 5171， the dimethylaminobenzoyl ester of methyl reser-

pate almost completely deplete NE stores in doses that do not elicit sedation 

or appreciably lower 5HT(69). In addition experiments with tetrabenazine de-

scribe conditions under which NE is almost completely depleted without pro-

ducing sedation (102). A number of times Dr. Kety has suggested to us that 

our notions on the role of 5HT have a certain heuristic value but su任erfrom 

the fact that they are presented with accurate analytical data but only indefinite 

criteria of central action (103). We have taken this criticism 
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ships. In these experiments mice are pretr<回 tedwith MMT to eliminate NE 

:stores from the picture. After 13 hours the animals are given various doses 

()f reserpine and changes in brain 5HT are related to the degree of central 

:activity. This activity is determined by 5 criteria: 1) almost complete immo-

bility and lack of exploratory activity ; 2) lack of huddling behavior; 3) blepharo・

spasm; 4) hunch-back posture; and 5) almost no response to acoustic and 

tactile stimuli. The problem of m伺 suringthese criteria is simplified by quantal 

:analysis of the data: each dose of drug is given to a large number of凶 ceand 

the change in brain 5HT related to the central activity expressed as the number 

of animals that display all 5 signs. The data in Table 8 shows a c10se relation-

ship between the degree of central activity and the lowering of brain 5HT and 

Table 8 

Effects of Various Doses of Reserpine， on Brain Amine Levels and in 

causing Reserpine Syndrome in MMT pretreated Mice 

Brain 5HT Brain NE Reserpine s-ymnidcreo〕me 
(% of mice) 

Dose of MMT pre- No pre- MMT pre- No pre- MMT pre- No pre-
reserpme treatment treatment treatment treatment treatment treatment 

mg/kg i.p. 'Y/g -r/g -r/g -r/g 。 .59 .63 .09 .52 。 。
.6 .43 .43 .05 .24 28 30 
1.25 .32 .32 .07 .17 47 50 
2.50 .24 .27 .07 .13 76 75 
5.00 .18 .19 .05 .11 96 98 

Animals were given MMT 500 mg/kg i.p. and 13 hours later the animals received 
various doses of reserpine. The central effects were noted aft巴r90 minutes and the animals 
then kiI1告d. Control animals were given reserpine 〆withoutpretreatment with MMT. Reser-
pine syndrome evaluated as explained in text. Each dose was given to at least 30 mice. 

indicate that the degree of reserpine sedation is c10sely related to the impairment 

of 5HT storage. The same results are obtained in normal animals and animals 

pretreated with MMT (Table 8) indicating that MMT does not a妊'ectthe re-

sponses to reserpine. 

Additional quantitative data relationships between the degree of central activ-

ity and impairment of 5HT storage was also obtained using three di任erent

reserpine司likedrugs: reserpine itself， which acts nonreversibly and exerts e妊ects

persisting long after the drug disapp朗自 from the body (52): SU 9064， the 

methyl ether of methyl reserpate which exerts e妊ectsthat are dependent on its 

tissue concentration (57) : and RO 4-1284， a synthetic short acting benzoquino・

lizine， which also appears to be reversibly-acting (58). The results in Table 9 
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shows the doses of the drug that produce all 5 central signs of reserpinεactivity-

in 50% of the animals. For each drug this dose lowered 5HT stores by 55%. 

These results show that despite different structures and durations of action the 

central activity of the three drugs is closely related to the impairment of braia 

5HT stores. 

Table 9 

Doses (ED50) of Various Drugs producing in Mice Reserpine Syndrome 

and reducing 5HT Storage by 55 % 

Reserpine 

SU 9064 
RO 4.1284 

5HT Release 

mgfkg 

.42 (.45-.39) 
5.8 (9.3-3.6) 

2.6 (4.4-1.5) 

ED50 

Syndrome of Effects 

mgfkg 
.43 (.58-.32) 
8.0 (9.4-6.8) 
4.2 (5.7-3.1) 

Animals ki11ed 90 minutes after reserpine and SU 9064 and 25 minutes after RO' 
4-1284. Central action evaluated on quantal basis from number of animals at each dose 
that showed all 5 criteria (see text). E妊'ectson brain 5HT storage ca1culated from number 
of animals showing the same d巴c1ine(55%) of brain 5HT. Values in parenthesis represents， 
fiducial limits (P=.OOl). 

Time-∞urse responses also indicate that reserpine action is related to the 
impairment of 5HT storage. In rabbits， for example， a single dose of reserpine 

(2 mgJkg) produces depression which lasts for about 30 hours. At this time the 

capacity of tissues to store5HT is part1y restored and the amine levels have 

started to rise toward the normal value (66，67). 

In cats， the depression produced by a single dose of reserpine(3 mgJkg)lasts 

over 10 days. Again the re氾overyof the animals coincides with the recovery of 

5HT storage sites and a gradual rise in the 5HT level (102). In contrast， the 

sedation induced by a dose of Ro 4-1284 lasts only a few hours. Again the 

recovery of the animals coincides with recovery of 5HT storage (105). 

The studies cited above indicate that the central action elicited by reserpine 

and reserpine-like compounds is closely correlated with the impairment of 5HT 

storage in brain. Although it is appropriate to point out that an association 

between two events， sedation and blockade of 5HT storage， merely shows that 

a causal relationship is possible， nevertheless， the demonstration of this correla-

tion removes a psychological barrier to exploring the feasibility that studies with 

reserpine might disclose important clues to the role of 5HT in brain. 

A lifetime could be spent trying to surmount every possible argument against 
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the view that reserpine does not act through a NE deficiency. It seems more 

rewarding and certainly less discouraging to approach the problem in a positive 

way by trying to link the un:むontrolledrelease of 5HT with the psycho10gica1， 

physio10gica1， e1配 trophysio10gicaland biochemica1 changes elicited by reserpine. 

OPPOSITE ACTIONS OF NE AND 5HT ON ACTIVE SITES 

A number of writers have presented the concept that primitive patterns of 

behavior are controlled by neuronal networks exerting opposite effects and that 

these systems integrate autonomic function with primitive patterns of behavior. 

According to this concept， one system (ergotropic predominance-Hess) promotes 

expenditure of energy by integrating patterns of behavior which prepare the body 

for positive action (77). Increasing the activity of this system e1icits arousa1， 

increases central sympathetic output， mobi1izes substrates for energy uti1ization， 

increases motor activity and resu1ts in exaggerated responses to environmenta1 

change. We have postulated that this system might be modulated by NE (5). 

The other system， normally recessive， integrates behavioral patterns which are 

recuperative in nature. This system is presumab1y predominant in sleep and 

hibernation. Increasing the activity of this system (trophotropic predominance司

Hess) elicits drowsiness and sleep， increases central parasympathetic output， 

decreases motor activity and 10wers responsiveness to externa1 stimuli. 5HT 

has been suggested as the modulator for this system (1). To function in this 

way， the two amines at their sites of action， should exert effects of an opposite 

nature. 

Effects of Brain Amines Selectively Released after MAO Blockade: 

a) Selective Release of NE after MAO Blockade: 

If MAO is blocked and NE is selectively released， the amine， highly polar， 

wilI be re1ative1y immune from enzymic inactivation and wi1l be trapped in the 

brain by the b100d-brain barrier. The high concentration of the amine at its 

active sites shou1d now exaggerate the physio10gica1 function of the catecho1-

amlne. 

Mice were treated with the MAO inhibitor MO-911 and 12 hours 1ater brain 

catecholamine were released by the administration of MMT (30 mgjkg i.v.). 

The high leve1 of NE avai1ab1e to receptor sites (Fig. 4) resu1ts in a remarkable 

e妊ecton the mice.， They behave as though they had been given a super-active 

amphetamine-1ike drug. Apparent1y wel1-coordinated， they dart at high speed 

from one side of the cage to the other for a period of 2 hours or more. The 

re1ative degree of motor activity in individua1 anima1s was measured by taking 
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20 camera shots per minute on a single film and counting the images in the 

picture. The hypermobi1ity was found to be at least 10 times greater than that 

elicited by 5 mg/kg of d-amphetamine. The animals also show other e任ect&

associated with stimulation of adrenergic centers including extreme exophthal-

mos， hyperthermia and an exquisite sensitivity to noise or touch. 

These results suggest that the free NE has raised the tone of neuronal 

pathways associated with central adrenergic m回:hanisms.

A = MAO inhibitor+d MMT 
(mice very excited) 
B = MAO inhibitor十reserplne
(mice excited.) 
C =ctMMT + MAQ inhibitor + 
同serplne 
(mice normal) 
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Fig.4. 5HT and catecholamines (NE+dopamine) released and stabi1ized by 
various manipulations as described in detail in the text. 

To remove the possible objection t出ha拭tα

oli辻te白s0ぱfMMT might p戸arti凶cip伊at旬ei泊nproducing the excitation， the mice were 

first tr伺 tedwith MMT (500 mgjkg i.p.) to deplete brain NE stores and 18 hours 

later given the combination of MO-911 and MMT. No excitation occurs despite 

the presence of the .same amount ofα・MMTyraminesas in the excited animals 

which had not been pretr，回tedwith MMT. These results indicate that the 

remarkable behavioral e任ectsinduced by MAO inhibitor and MMT results from 

free NE. 
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Relea鴫 ofboth NE and 5HT after MAO blockade: 

Both amines are released by treating mice with the MAO inhibitor followed 

by 問 serpine. Since the amines were protected against inactivation they are 

available in high concentration at their active sites. The well-known incr伺 sed

motor activity elicited by this drug combination occurs， but its intensity is about 

b) 
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one-tenth of that evoked by the MAO inhibitor and MMT， as measured by the 

above-mentioned camera technique. These results suggest that hyperexcit-

abi1ity elicited by free NE is counteracted in part by the action of free 5HT 

(Fig. 4). 

c) Selective Release of 5HT after MAO blockade: 

Mice were first treated with MMT to deplete the brain NE stores. After 

13 hours the animals were treated with the MAO inhibitor followed by reserpine. 

As shown in Fig. 4， the free 5HT is immune to enzymic inactivation. The-

animals are not excited; some are even slight1y sedated for a short time， though 

obviously less so than animals given reserpine alone. These results indicate 

that a high level of free 5HT， selectively released from its normal sites of for-. 

mation， does not pr0voke excitation. 

The physiological effects of selectively released monoamines at. their sites of 

action have furnished presumptive evidence that NE and 5HT have different 

physiological functions. First， free NE produces an intense exaggeration of a 

syndrome superficially similar to that elicited by DOP A and amphetamine and 

reminiscent of that described by Hess for a highly activated ergotropic tone. 

Free NE and 5HT together elicit a much less intense excitation. It is tempting 

to consider that these results might reflect an action of the two amines on 

opposing systems. A crucial demonstration of whether NE and 5HT act in 

opposite ways might be the production of profound sedation by the selective 

release of 5HT. Unfortunately， it has not been possible thus far to trap only 

free 5HT in brain. In experiment c， the blockade of MAO also causes accumu-

lation of some free dopamine and NE (Fig. 4). However， the results do show 

that free 5HT， released from its n ormal storage site，' does not as often sug-

gested， produce excitation. 

A SPECULATIVE SUMMARY 

An understanding of the role of brain NE and 5HT is particularly di伍cult

since we do not know whether to attribute a transmitter role to the amines or 

to regard them as substances which modulate the action of the actual trans-

mitters. 

The presence of NE in peripheral sympathetic ganglia enabled us to study 

its interplay with acetylcholine in synaptic transmission by comparing the post-

ganglionic evoked potentials before and after producing a deficiency of free NE 

in ganglia by means of re田rpineor bretylium. A striking indication was ob-

tained that acetylcholine acts on gang1ionic chromaffin tissue to release NE. The 
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liberated amine appears to modulate transmission perhaps by hyperpolarization 

{)f the postsynaptic membrane， or by depression of acetylcholine release to 

dampen the action of acetylcholine and bu任'erwide fluctuations in sympathetic 

activity. 

Monoamines might also serve as modulators of synaptic transmission in 

brain. For instance， there is evidence that NE is not a transmitting agent of 

the rdticular activating system， but may modulate the actual transmitter when 

it is released from a任erentcollaterals. Chlorpromazine in turn probably blocks 

this activating e任ectof NE on the reticular activating system. 

Similarly Revzin et al. (105) have suggested that 5HT modulates the action 

{)f acetylcholine in the limbic system， a brain region containing large amount:s of 
5HT and little NE. These workers have shown that the degree to which 5HT 

storage is blocked in that the amygdala system is closely related to behavioral 

changes and to increased excitability of the limbic system. A single large dose 

.of reserpine depletes stores of 5HT in the cat for 10 days or more and produces 

sedation that lasts for the same per匂dof time as the altョrationin limbic system 

excitability. In cコntrast，the benzoquinolizine Ro 4-1284 blocks 5HT storage for 

a few hours only and causes sedation and limbic system excitation that arεcor-

respondingly short-Iasting. 

The action of reserpine is the :first bioelectric phenomenon in brain that is 

associated with changes in brain 5HT. It is particularly pertinent that the 

limbic system is not a任ectedby MMT. which completely depletes stores of brain 

catecholamines. However， on treatment of the MMT予，retreatedanimals with 

Ro 4-1284 or reserpine， the usual effect on behavior and on the limbic system 

is obtained. 

These results are a background for McLean's (106) observations that the 

direct application of carbachol to the hippocampus of cat evokes electrical sei. 

zures and physiological effects which correspond to those produced by reserpine: 

sedation， lack of spontaneous movement， disinterest in various stimuli， and a 

rage-like response to painful stimuli. McLean postulates that carbachol excites 

hippocampaI pathways by mimicking the action of acetylcholine. The results 

of Revzin et al. suggest that 5HT modulates the action of acetylcholine on the 

limbic system. These workers postulate that this action of reserpine may be 

largely responsible for lowering the intensity of emo 
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1ike state， in some respects similar to that of natural sleep， with active closure 

of the eyelids and an increased parasympathetic output. The action does not 

involve suppression of incoming stimuli， but seems to be an active process su-

perimposed on normal function. The drug reduces the heart rate thereby 

economizing its energy and protecting it from damage in addition there is a 

conservation of energy from lowered respiration. Additional saving of energy is 

:achieved by the lowering of muscle tone， spontaneous movements and reactions 

to stimuli. Even such e任ectsas lacrimal secretion and salivation are protective 

in nature and the increased intestinal activity is also part of restorative processes. 

Chlorpromazine e1icits somewhat similar effects， but in a far di妊erentway. 

This drug does not actively promote restorative'，processes， but shuts down func-

tions which are coupled with energy expenditure.. . ，Thus' arousal reactions and 

increased motor activity is inhibited by disjunction of the usual connections 

between incoming stimuli and reticular activating system. Aa a result energy-

utilizing processes elicited by sympathetic activity are lowered by a central 

action. 

The di任'erencein the action of the two compounds is dramatically shown 

by effects on energy utilization. In this laboratory we have compared the action 

of the two drugs in rats exposed to a low temperature. At 20 C， chlorpromazine 

completely shuts down both processes that conserve heat and that mobilize 

energy substrates which are needed to maintain a temperature gradient of 400C. 

As a result， body temperature rapidly plummets to 160C and the animals 

die. This is due to the blocking of central adrenergic mechanisms since 

the same results are elicited by ganglionic blocking agents and by removal of 

catecholamines from the adrenal gland and from the pedpheral nerve endings. 

lndeed we have shown that free fatty acids can be mobilized from adipose tissue 

only through a centrally mediated sympathetic stimulation. 

Tetrabenazine， or reserpine in doses that do not deplete medullary catechol-

amines， elicit a quite different effect. Exposure of rats to 20C also elicits a drop 

in temperature but this is slow， about 100C over a period of 7 hours. The 

mobilization of energy substrates is not inhibited， instead the uti1ization of energy 

by body tissues is drastically decreased. In some way thyroid action is blocked 

but not by a dir 
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一一ニュース

第5回 神経化学懇話会抄録集の申込

昨年と同様に写真印刷の方法て今年も抄録集をつくりました.懇話会のまえに充分検討し，当日の討論

を活発にして頂きたいと思います. まだ申込んでいない方は至急に事務局にお申込み下さい. 実費1部

500円(送料共).会員の方は 1部300円(会員 1名 1冊まで).

高橋良，高橋康夫両氏米国に留学

木懇話会の設立以来， 常任委員として御尽力下さっていた， 高橋良(東京医歯大〕と高橋康夫(新海

大〕の両氏は最近米国に留学された.両氏の健康と研究の発展をお祈りする.

Dr. R. Takahashi， Institute of Psychiatric Research， Indiana University Medical Center， 

Indianapolis 7， Indiana 

Dr. Y. Takahashi， cjo J. Folch-Pi， McLean Hostipal， Waverely， Massachusetts 

編集委員 (ABC順〉

鳩~ 二閏三己4 川北幸男 高坂睦年 黒川正則

成瀬 浩 佐野 勇 佐藤倍男 高垣玄吉郎

高橋 良 高橋康夫 塚田裕三 宇尾野公義

昭和37年10月10日 印刷
神経イじ学 第 1巻第4号

昭和37年10月15日 発行

編集者 (代表〉 塚 田 格 一一
編集所 東京都大田区大森4丁目

東邦大学医学部第二生理学教室内 神経化学懇話会

印刷所 東京都北区西ケ原3丁目46番地 杏 林 4二b3 
発行者 緒 方 秀 雄

発行所 東京都文京区曙町11番地 緒 方 害 庄

会員外の方で本誌の希望者は，実費てお頒けしますから上記の編集所宛にお申出下さい.
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会員名簿追加
(昭和 37年8月22日現在〉

正会員 N 

A 

赤 坂 正 東北大(医〕神経科 中村陸郊 東大(医〉神経科

Akasaka Tadashi Nakamura Rikuro 
中西俊雄 国立善通寺病院

F Nakanishi Toshio 
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中沢省三 新潟大(医〉外科
Nakazaw耳 Shozo

Fukuhara Reiko 
西国義彦 九大(医〕勝木内科

古郡恒宣 弘前大(医〉精神科
Furukori Tsunenobu 

Nishida Yoshihiko 

H 
O 

原 実 横浜市大〈医〉 及川光平 弘前大〈医〉精神科
Hara Minoru Oikawa Kohei 
原 一 良E 東京医大薬理学 岡 田 ヌムえι 万有製薬岡崎工場
Hara Saburo Okada Noboru 
原 隆 夫 新海大(医〉外科
Hara Takao S 
林 直 行 国立武蔵療養所
Hayashi Naoyuki 斎‘ 藤 洋 東大(薬〉薬品作用学

Saito Hiroshi 
I 桜 田 倣 弘前大(医〉精神科

岩城利一郎 富山大(薬〉
Sakurada Sho 

Iwaki Riichiro 
酒井}正雄 横浜市大(医〕神経科
Sakai Masao 

K 佐野 馨 大阪大〈医〉第2内科
Sano Kaoru 

角永武夫 大阪大(薬〉薬理学 白石祐義 弘前大(医〉精神科
Kakunaga Takeo Shiraishi Yugi 
北川晴雄 富山大(薬〉 肉薄 津 孝 大阪大〈医〉第8解剖学
Kitagawa Haruo Shimazu Takashi 
小林秀雄 横浜市大(医〉神経科
Kobayashi Hideo w 
小池重夫 労働衛生研究所
Koike Shigeo 和田忠男 三共高峰研究所

小島一夫 岩手医大光野外科 Wada Tadao 
Kojima Kazuo Y 
久 野 滋 京大〈医〉医化学
Kuno Shigeru 山崎晴一瞬 九大〈医〉第2内科

Yamasaki Seiichiro 
M 横 井 三日E 横浜市大〈医〕

牧 悶 章 東大〈伝研〉化学研究部
Yokoi Susumu 

Makita Akira 
松井森夫 名市立大(医〉精神科

賛助会員Matsui Morio 
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